Incubation of highly purified Adeno-associated virus (AAV) capsids in vitro at pH 5.5 induced 18 significant auto-cleavage of capsid proteins at several amino acid positions. No auto-cleavage 19 was seen at pH 7.5. Examination of other AAV serotypes showed at least two different pH 20 induced cleavage patterns suggesting that different serotypes have evolved alternative protease 21 cleavage sites. In contrast, incubation of AAV serotypes with an external protease substrate 22
showed that purified AAV capsid preparations have robust protease activity at neutral pH but 23 not at pH 5.5, opposite to what is seen with capsid protein auto-cleavage. Several lines of 24 evidence suggested that protease activity is inherent in AAV capsids and is not due to 25 contaminating proteins. Control virus preparations showed no protease activity on external 26
substrates, and filtrates of AAV virus preparations also showed no protease activity 27 contaminating the capsids. Further, N-terminal Edman sequencing identified unique auto-28 cleavage sites in AAV1 and AAV9, and mutagenesis of amino acids adjacent to these sites 29 eliminated cleavage. Finally, mutation of an amino acid in AAV2 (E563A) that is in a conserved 30 pH sensitive structural region, eliminated protease activity on an external substrate but did not 31 seem to affect auto-cleavage. Taken together our data suggested that AAV capsids have one 32 or more protease active sites that are sensitive to pH induction. Further, it appears that acidic 33 pHs comparable to those seen in late endosomes induce a structural change in the capsid that 34 induces autolytic protease activity. The pH dependent protease activity may have a role in viral 35
infection. 36

INTRODUCTION 38
AAV is a non-enveloped single stranded DNA virus that has a relatively simple capsid 39 consisting of 3 proteins that share a common C-terminal amino acid sequence (2). The three 40 capsid proteins (VP1, VP2, VP3) assemble in an approximate ratio of 1:1:10 to form an 41 icosahedral particle ~ 246 nm in diameter. Recently the X-ray crystal structure of AAV serotype 42 approximate pHs of early and late endosomes. Similar amino acid rearrangements have been 48 seen in the crystal structures of AAV1 (unpublished). In AAV2 (Fig. 1) , E563 is structurally 49 equivalent to E566 in AAV8, and it is flanked by two other acidic residues (E562 and E564) that 50 are conserved in all AAV serotypes that have been sequenced to date (Table 1 ). In addition, a 51 tyrosine (Y704), arginine (R389) and histidine (H526) are also highly conserved, as well as 52
another acidic cluster (528DDEE531) near this region (Fig. 1, Table 1 ). Acidification of the 53 capsid during virus entry has been shown to be essential for viral infectivity (1, 3, 7) and, thus, 54 the structural shift that occurs in this region may be a key initiating event that is necessary for a 55 critical step in infection. Indeed, we and others previously showed that mutants in the two 56 conserved acidic domains in AAV2 are up to six logs less infectious than wild type virus even 57 though they assemble normal amounts of mature capsids (10, 13, 22) . 58
Many viruses code for protease activities that are used to process polyproteins during 59 the viral life cycle or to process capsid proteins during viral assembly and capsid maturation 60 (reviewed in (8)). Recently, Flock House Virus (FHV), a non-enveloped insect virus, has been 61 shown to contain a pH induced protease that is apparently involved in viral trafficking. FHV 62 auto-catalytically cleaves a capsid protein to release a peptide that is believed to promote the 63 release of FHV from endosomes (16). The acidic region at the pH quartet site in AAV is 64 reminiscent of acid protease active sites, and this raised the possibility that the AAV capsid may 65 contain a protease activity that is activated in the acidic environment of cellular endosomal 66 compartments. In this report we test this possibility and show that AAV contains several 67 proteolytic active sites that catalyze autolytic cleavage when the virus is incubated at acidic pH. 68 on August 30, 2017 by guest http://jvi.asm.org/ Downloaded from vectors, and then simultaneously lysed and digested (1% v/v Triton X-100, 25 U/mL Benzonase, 95 2 mM MgCl 2 ) 24 hr later. The lysate was filter clarified, and then column purified by CIM Q (BIA 96 Separations) and affinity (AVB; GE Healthcare) chromatography. The GFP containing virus 97 particles were used for auto-proteolysis assays as described below. AAV1 containing an AAT 98 cassette was used for AAV1 mass spectroscopy and Edman sequencing. Virus stocks for auto-99 proteolysis made by DNA transfection were obtained from the University of Florida Vector Core 100 Laboratory (AAV1, 2, 5, 8 and 9), Dr. Sergei Zolotukhin (Rh 10), Dr. Mavis Agbandje-McKenna 101 (AAV3 and 6) and Dr. Roland Herzog (AAV7). 102
Mouse monoclonal antibodies A1 and B1 were a kind gift from Jurgen Kleinschmidt (21) . 103 A1 recognizes an epitope unique to VP1 (amino acid (aa) 123-131) in both AAV1 and AAV2. B1 104
recognizes an epitope present in all three capsid proteins (aa 725-735) that is conserved in all 105 serotypes except AAV4. 106
The Halt TM Protease inhibitor Single-Use Cocktail was obtained from Thermo Scientific 107 and used according to manufacturer's instructions. The PDQ™ protease assay kit (Athena 108 enzyme systems) was used as recommended by the manufacturer. The PDQ™ assay is a 109 colorimetric assay used to detect protease activity in aqueous samples. The PDQ proprietary 110 substrate is a casein derivative entrapped in a cross-linked matrix with a dye conjugate that 111 responds to a wide range of proteases including serine, metallo-, aspartate and cysteine 112
proteases. 113
Protease assays. The protease activity of the AAV1, 2, 5 and 8 VLPs and GFP 114 containing AAV8 was determined using the PDQ Protease Assay kit. Each assay contained 500 115 μL of virus sample (0.1 mg/ml, 30 nM virus particles) or 30 nM of the serine protease Trypsin as 116 a positive control. Negative controls included carbonic anhydrase (also at 30 nM, not shown), 117 buffer with no enzyme, or a mock VLP preparation purified from mock infected cells in the same 118 way as viral VLPs. A portion of the AAV8 GFP preparation was further purified by passage 119 through an Amicon 100 kDa molecular weight cut-off filter, and both the filtrate and the virus 120 on August 30, 2017 by guest http://jvi.asm.org/ Downloaded from fraction were assayed for protease activity to ensure that the protease activity was not a result 121 of a contaminating cellular protease in the virus sample. Each sample was loaded into the assay 122 vial containing the PDQ proteolytic substrate, at pH 7.5 (20 mM Tris-HCl) or pH 5.5 (20 mM 123 citrate buffer), with or without protease inhibitors (10 μL/ml v/v). The time course of protease 124 activity was monitored with samples collected hourly for a total of 5 hrs. The reaction was 125 arrested by adding 500 μL of 0.2 N NaOH, the samples were centrifuged, and absorbance was 126 genome-containing particles were subjected to auto-proteolysis at acidic pH as described 144 above. Fragments were then separated on SDS-PAGE as described above and cleavage bands 145 were visualized by staining the gel with bio-safe Coomassie blue (Bio Rad; Hercules, CA 95.0% probability as specified by the Peptide Prophet algorithm (9). Protein identifications were 157 accepted if they could be established at greater than 99.0% probability and contain at least 2 158 identified unique peptides. Protein probabilities were assigned by the Protein Prophet algorithm 159
(15). 160
For Edman sequencing, 2x10
12 genome-containing AAV1-AAT or AAV9-GFP particles 161 were subjected to acidic auto-proteolysis. The samples were then boiled in Laemmli buffer and 162 concentrated to 30 μL by vacuum centrifugation. The concentrated samples were buffer-163 exchanged into 10 mM Tris-HCl using Micro Bio-spin 6 size exclusion columns per the 164 manufacturer's instructions (Bio Rad; Hercules, CA). Samples were then separated by gradient 165 SDS-PAGE as previously described and transferred to Immubilon P SQ PVDF membranes 166 (Millipore; Billerica, MA). Membranes were washed with ddH 2 O and then stained with fresh 167
Coomassie R-250 brilliant blue for 30 s followed by de-staining with 40% methanol/ 5% acetic 168 acid. Membranes were washed 3 times with ddH 2 O and allowed to air dry prior to cutting bands. Bioscience; Topsfield, MA) with 50 mL of 1x TD (1X PBS + 1 mM MgCl 2 and 2.5 mM KCl) + 1M 180 NaCl. The virus was then buffer exchanged into 1x PBS (pH 7.4) and concentrated to 500 μL. (Fig. 2, AAV1) , namely a decrease in VP1 and 2 and an increase in several 198 lower MW bands. 199
Two of the cleavage bands that were produced when AAV1 was incubated at pH 5.5, 200 ~17 kDa and ~55 kDa, were isolated by gel electrophoresis and subjected to MS analysis to 201 identify the approximate positions of the cleavage sites ( Supplementary Fig. 1 ). The 17 kDa 202 band generated peptides that clustered near the C terminus of the capsid protein as expected, 203 but also generated peptides located in the middle of the capsid and at the N terminus. The 204 same was seen with the 55 kDa band. This suggested that both the 17 kDa and 55 kDa bands 205 contained multiple capsid cleavage products, and this was consistent with at least two and 206 probably more proteolytic cleavage sites in the capsid. 207
To check for the possibility that a cellular protease might be contaminating the virus 208 preparations, the untreated AAV1 virus preparations were also analyzed by MS. No proteins 209 other than the three AAV capsid proteins were consistently found in the virus stocks. Trypsin, 210 which had been added to cleave the capsid proteins during mass spectroscopy, was the only 211 protease found, but previous mapping of the trypsin sites on AAV capsids (20) were not 212 consistent with the cleavage patterns seen following pH 5.5 auto-cleavage. 213
The effect of pH 5.5 on the other AAV serotypes was similar (Fig. 3) . In all cases there 214 was a significant decrease of VP1 and VP2 and the appearance of additional lower molecular 215 weight bands (or an increase in their intensity) when the viruses were incubated at pH 5.5. 216
Comparison of the cleavage patterns seen in the different serotypes suggested that there were 217 several different cleavage patterns as well as multiple cleavage sites in each serotype. For 218 example, AAV1, 2, and 3 produced an approximately 17 kDa C-terminal peptide, while AAV8, 9, 219 and 10 produced an ~10 kDa C-terminal band. Taken together, it appeared that all AAV 220 serotypes were capable of some autolytic acitivity, and that this activity was activated by low pH. cleave an external substrate, the PDQ colorometric protease assay was used (see Methods). 223
Incubation of AAV1, 2, 5, and 8 at a 30 nM capsid concentration with the protease substrate all 224
showed robust protease activity. The protease activity in the capsids was comparable (within 2 225 fold) to that seen with 30 nM trypsin (Fig. 4A) . However, unlike autolytic cleavage, which was 226 activated by low pH, cleavage of the external substrate was only observed at pH 7.5 and was 227 largely abolished at pH 5.5. In addition, cleavage of the PDQ substrate by all serotypes was 228 abolished by the addition of protease inhibitors (Fig. 4C) . 229
The possibility that the capsids might be contaminated by a cellular protease that co-230
purified with capsid was also tested. Control cell extracts that had been purified the same way 231 as capsid preparations were negative for protease activity (Fig. 4B, mock) . In addition, a portion 232 of the AAV8 virus stock was filtered through a concentrator (Amicon) that would retain the 2x10 6 233 kDa capsid but permit a 100 kDa soluble protease to flow through. When both the material that 234 passed through the filter and the capsids were tested for protease activity, the capsid fraction 235 retained all of the protease activity (Fig. 4D) . 236 A capsid mutation in the pH quartet completely eliminates protease activity on 237 external substrates but not autolytic cleavage. To see if E563, which had been identified as 238 a pH sensitive amino acid by X-ray crystallography in AAV8, was essential for external protease 239 activity, it was mutated to an alanine in AAV2. The E563A mutation completely abolished 240 protease activity on an external substrate (Fig. 4B) . However, when we tested the ability of this 241 mutant to carry out autolytic cleavage of the capsid, there appeared to be no change in its ability 242 to cleave capsid proteins (Fig. 5) . In addition, mutants in amino acids that flanked the E563 243 position and were completely conserved in all AAV serotypes, E562A and E564A, also 244 appeared to be capable of autolytic cleavage. A fourth mutant, E561A, as well as a previously 245 isolated mutant (22) that contained all four of these acidic residues mutated to alanine (mut40, 246 E561-564A), also shared this phenotype (Fig. 5) . Taken Identification of specific cleavage sites induced at pH 5.5. To identify specific 251 autolytic cleavage sites two serotypes were chosen for Edman sequencing, AAV1 and 9. These 252 serotypes were chosen because both were available in large quantity and produced pH induced 253 cleavage fragments that could be separated from contaminating fragments. Table 2 shows that 254 the apparent 10 kDa band produced by AAV9 was the result of cleavage between amino acids 255 657 and 658 and has a calculated MW of 9.3 kDa. Similarly, the apparent 17 kDa band from 256 AAV1 came from a cleavage between 590 and 591 to produce a fragment that has a calculated 257 MW of 16.3 kDa. Finally, a 40 kDa band from AAV1 was cleaved between amino acid 219 and 258 220. Its MW was apparently the result of cleavage at both the 219 and 590 positions, thus 259 producing the apparent 40 kDa band isolated from the gel. 260
Identification of putative active site amino acids. The 657 cleavage site in AAV9 is 261 part of the so-called HI loop, a loop that surrounds the 5-fold pore and extends from one 262 asymmetric unit over a neighboring unit in the pentamer (Fig. 6A) . The site is surrounded by 263 several amino acids that could participate in acid induced cleavage, including D657, S669, 264 Y674, and T676 (Fig. 6B) . Each of these amino acids was individually mutated to alanine and 265 tested for its ability to cleave at position 657 to produce the diagnostic 10 kDa C-terminal 266 fragment. Mutation of D657 completely abolished production of the 10 kDa fragment (Fig. 6C) . 267
Mutation of S669 and T676 did not affect cleavage at 657; however, these mutants appeared to 268 be unable to produce a fragment of approximately 30 kDa that was present in wild type AAV9. 269 A similar set of experiments was carried out to identify amino acids involved in the AAV1 277 cleavage at position 590, which is located on the capsid surface at the top of the three 278 protrusions surrounding the icosahedral threefold axes (Fig. 7A) . Four amino acids in the 279 vicinity of aa 590 (590, 593, 504, and 583) were changed to alanine residues (Fig. 7B) . Of 280 these, only the E590A mutation eliminated cleavage at the 590 position when the products of 281 the cleavage reaction were immunoblotted with B1 antibody (Fig. 7C) . 282
The VP1 cleavage pattern is different from VP3. The cleavage products from wild 283 type AAV1 were also immunoblotted with A1 antibody. This monoclonal antibody recognizes an 284 epitope that is present only at the N terminus of VP1 (21) and would visualize only VP1 related 285 cleavage products. When this was done, approximately 60% of AAV1 VP1 was cleaved in 30 286 min, and three new A1 positive bands were produced or increased in intensity (Fig. 8) . Thus, in 287 AAV1, there were a minimum of three pH induced cleavage sites within VP1. 288
The prominent band at ~67 kDa was expected, and is consistent with cleavage at aa 289 590 (See Table 1 . Full length VP1 is 81.4 kDa; 81.4 minus 16.3 kDa equals 65.1 kDa). 290
However, a band at 23 kDa was also expected due to cleavage at aa 219, and this band was 291 not detected from VP1 (Fig. 8) . Thus, cleavage at position 219 occurs only in VP3, and possibly 292
VP2, but not in VP1. 293
Finally, it should be noted that one of the bands present at pH 7.4 was not significantly 294 increased in intensity at pH 5.5 (Fig. 8, ~50 kDa) . This band, therefore, may be due to cleavage 295 by a cellular protein, either during capsid assembly or during virus purification. Bands that did 296 not respond to pH induction were also seen in B1 antibody immunoblots (Figs. 2 and 3) . conclusion. First, we showed that purified VLPs of serotypes 1, 2, 5, and 8 were capable of 302
cleaving an external protease substrate and the activity was sensitive to protease inhibitors. 303
Furthermore, a single substitution mutant in AAV2, E563A, completely abolished AAV2 protease 304 activity on an external substrate. In addition, size fractionation of the AAV8 virus preparation to 305 remove any potential low MW protease contaminants (<100 kDa) showed that protease activity 306 co-purified with the AAV capsid. 307
We also demonstrated that all of the AAV serotypes tested (AAV1-3 and 5-10) were 308 capable of autolytic cleavage at multiple sites within the capsid. This activity was induced by 309 incubation at pH 5.5, the approximate pH of late endosomes. When we mapped two of the 310 cleavage sites in AAV1 (Fig. 9) , one of them was at amino acid 219, a position that is located in 311 the interior of the AAV1 capsid (unpublished). Since it was unlikely that a contaminating cellular 312 protease could enter the capsid through the 5-fold pore, cleavage at aa 219 is likely to be auto-313 catalytic. In addition, MS analysis of the AAV1 preparation failed to reveal a contaminating 314 protease other than the one added to perform MS. It is also worth noting that the virus 315 preparations used in this study were isolated using three different production and purification 316 methods (baculovirus infection, herpes infection, and DNA transfection) and contained both full 317 and empty capsids. Finally, as in most auto-cleavage reactions, one of the amino acids at the 318 site of cleavage was essential for autolytic cleavage. Mutation of both AAV9 D657 and AAV1 319 D590 to alanine abolished cleavage at these positions, respectively. Taken together, our 320 evidence supports the conclusion that the AAV capsid has intrinsic protease activity. 321
The pH quartet may be a pH switch that controls protease activity. A curious 322 aspect of our data was that protease activity on an external substrate and autolytic protease 323 activity had different pH sensitivity. Autolytic protease activity was induced by pH 5.5 and not 324 active at pH 7.4. In contrast, protease activity on an external substrate was seen only at pH 7.5, 325
on August 30, 2017 by guest http://jvi.asm.org/ Downloaded from not at pH 5.5. Moreover, external protease activity was completely eliminated by the E563A 326 mutation in AAV2, a structurally equivalent amino acid to one that had previously been seen to 327 undergo a structural change when AAV8 crystals were examined at pH 5.5 (14). In contrast, 328 autolytic cleavage appeared not to be affected by this mutation. Autolytic cleavage was 329 eliminated only by mutation of acidic residues at the sites of cleavage (amino acids 590, 657). 330
In addition, we note that some of the autolytic cleavage sites were already cleaved in some viral 331 samples that had been prepared and purified at neutral pH. We interpret this to mean that 332 cleavages can occur at neutral pH at a reduced rate and accumulate over time. 333
The positions of these pH sensitive sites are illustrated in Fig. 9 . It is immediately 334 apparent that all of the cleavages that were mapped (amino acids 219, 590, 657) are well 335 separated from the pH quartet region. Both D657 and D219 are near the 5-fold pore, on the 336 outside and inside of the capsid, respectively, while D590 is located at the protrusions 337 surrounding the 3-fold axis. This begs the question: is there one protease active site that 338 participates in all of these cleavages or multiple active sites? Typically, acid protease active 339 sites have two acidic amino acids that coordinate a water molecule that is the nucleophile. An 340 intriguing possibility is that the N terminal sequences of VP1 or VP2, which are the only regions 341 in the capsid that are not structurally constrained, may supply the second acidic residue that 342 participates at multiple sites. In this regard, we note that when we examined the cleavage of 343 VP1 using an antibody specific for this capsid protein, we did not see cleavage at residue 219. 344
This would have produced a 23 kDa N terminal fragment from VP1; thus, cleavage at 219 345 apparently occurs only in VP3, and perhaps VP2. 346
As mentioned earlier, the pH quartet region contains amino acids from three symmetry 347 related VP3s that are near the intersection of the 2-, 3-and 5-fold axes (Fig. 9) . It was identified 348 as one of two sites in the AAV8 capsid that undergoes an ordered structural shift when viral 349 shown by several groups that exposure to the acidic environment of cellular endosomes is an 354 essential step for viral infection (1, 3, 7) . Taken together, these facts suggest that the pH 355 quartet region and the induction of protease activity perform an essential function in the viral life 356
cycle. 357
One consequence of passage through the acidic endosomal compartment is the 358 extrusion of the N terminus of VP1, which contains both nuclear localization sites and a 359 phospholipase activity that are essential for infection (5, 6, 11). Although treating virus with 360 acidic pH in vitro does not in itself induce exposure of the VP1 N terminus, passage through 361 acidic endosomes appears to be essential (18). Thus, acidification (plus some other process 362 that occurs during entry and has not yet been identified) is essential for VP1 extrusion and 363 infectivity. We note that the autonomous parvovirus MVM undergoes cleavage of its major 364 capsid protein VP2 approximately 22 amino acids from its N terminus either sometime after 365 assembly or during cell entry. This cleavage is believed to be due to one or more cellular 366 proteases and is important for the subsequent extrusion of the VP1 N terminus (4). It is 367 therefore, tempting to speculate that the pH quartet region is a pH sensitive "molecular switch" 368 that induces a structural change in the capsid, thereby exposing protease active sites within the 369 capsid at several locations (Fig. 9, amino acids 219, 590, 657 ). This in turn may facilitate 370 extrusion of VP1 to the capsid surface. The identification of cleavage sites both external to the 371 5-fold pore and immediately internal to the pore (Table 2 and (Fig. 5) . Thus, if the pH quartet is indeed a molecular switch, additional cofactors 377 provided by the cell may be required. 378
An alternative model is that the pH quartet is itself a protease that is active only on an 379 external substrate; and the other cleavages that we have mapped (amino acids 219, 590, 657) 380 are independent pH sensitive active sites. This possibility suggests that the role of the pH 381 quartet region, which includes E563, is to cleave only an external substrate during entry, i.e., 382 some cellular protein that must be cleaved for efficient infection. However, this model would 383 then suggest that AAV virus particles contain multiple protease active sites that are 384 independently controlled by pH. We are not aware of a precedent for this in other viruses. 385
In conclusion, we believe we have evidence for a viral protease within the AAV capsid. 386
But as yet we do not fully understand its mechanism or its purpose. 387
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